Abstract. Applying the HSD transport approach to charmonium dynamics within the 'hadronic comover model' and the 'QGP melting scenario', we show that the suppression pattern seen at RHIC cannot be explained by the interaction with baryons, comoving mesons and/or by color screening mechanism. The interaction with hadrons in the late stages of the collision (when the energy density falls below the critical) gives a sizable contribution to the suppression. On the other hand, it does not account for the observed additional charmonium dissociation and its dependence on rapidity. Together with the failure of the hadron-string models to reproduce high v 2 of open charm mesons, this suggests strong pre-hadronic interaction of cc with the medium at high energy densities.
J/Ψ production vs suppression in different theoretical scenarios
The microscopic Hadron-String-Dynamics (HSD) transport calculations (employed here) provide the correct space-time geometry of the nucleus-nucleus reaction and a rather reliable estimate for the local energy densities achieved. The energy density ε(r; t) -which is identified with the matrix element T 00 (r; t) of the energy momentum tensor in the local rest frame at space-time (r, t) -reaches as high as 30 GeV/fm 3 in a central Au+Au collision at √ s = 200 GeV [1] .
According to present knowledge, the charmonium production in heavy-ion collisions, i.e. cc pairs, occurs exclusively at the initial stage of the reaction in primary nucleon-nucleon collisions. The parametrizations of the total charmonium cross sections (i = χ c , J/Ψ, Ψ ′ ) from NN collisions as a function of the invariant energy √ s used in this work are taken from [2, 3, 4, 5] . We recall that (as in Refs. [4, 5, 6, 7, 8] ) the charm degrees of freedom in the HSD approach are treated perturbatively and that initial hard processes (such as cc or Drell-Yan production from NN collisions) are 'precalculated' to achieve a scaling of the inclusive cross section with the number of projectile and target nucleons as A P × A T when integrating over impact parameter. For fixed impact parameter b the cc yield then scales with the number of binary hard collisions N bin (cf. Fig. 8 in Ref. [5] ). In the QGP 'threshold scenario', e.g the geometrical Glauber model of Blaizot et al. [9] as well as the percolation model of Satz [10] , the QGP suppression '(i)' sets in rather abruptly as soon as the energy density exceeds a threshold value ε c , which is a free parameter. This version of the standard approach is motivated by the idea that the charmonium dissociation rate is drastically larger in a quark-gluon-plasma (QGP) than in a hadronic medium [10] .
On the other hand, the extra suppression of charmonia in the high density phase of nucleus-nucleus collisions at SPS energies [11, 12, 13, 14] has been attributed to inelastic comover scattering (cf. [2, 3, 7, 15, 16, 17, 18, 19, 20, 21] and Refs. therein) assuming that the corresponding J/Ψ-hadron cross sections are in the order of a few mb [22, 23, 24, 25] . In these models 'comovers' are viewed not as asymptotic hadronic states in vacuum but rather as hadronic correlators (essentially of vector meson type) that might well survive at energy densities above 1 GeV/fm 3 . Additionally, alternative absorption mechanisms might play a role, such as gluon scattering on color dipole states as suggested in Refs. [26, 27, 28, 29] or charmonium dissociation in the strong color fields of overlapping strings [6] .
The explicit treatment of initial cc production by primary nucleon-nucleon collisions and the implementation of the comover model -involving a single matrix element M 0 fixed by the data at SPS energies -as well as the QGP threshold scenario in HSD were explained in Ref. [1, 15] (see Fig. 1 of Ref. [15] for the relevant cross sections). We recall that the 'threshold scenario' for charmonium dissociation is implemented as follows: whenever the local energy density ε(x) is above a threshold value ε j (where the index j stands for J/Ψ, χ c , Ψ ′ ), the charmonium is fully dissociated to c +c. The default threshold energy densities adopted are ε 1 = 16 GeV/fm 3 for J/Ψ, ε 2 = 2 GeV/fm 3 for χ c , and ε 3 = 2 GeV/fm 3 for Ψ ′ . Two more scenarios were implemented similarly to the 'comover suppression' and the 'threshold melting' by adding the only additional assumption -that the comoving mesons (including the D-mesons) exist only at energy densities below some cut-energy density ǫ cut , which is a free parameter. We set ǫ cut = 1 GeV/fm 3 , i.e. of the order of critical energy density.
Comparison to data
In the following, we compare our calculations to the experimental data at the top RHIC energy of √ s = 200 GeV. We recall that the experimentally measured nuclear Fig. 4 for the 'comover absorption scenario' including the charmonium reformation channels without cut in the energy density (l.h.s.) and with a cut in the energy density ǫ cut = 1 GeV/fm 3 (see text for details). The figure is taken from [1] . modification factor R AA is given by
where dN(J/Ψ) AA /dy denotes the final yield of J/Ψ in AA collisions, dN(J/Ψ) pp /dy is the yield in elementary pp reactions, N coll is the number of binary collisions. Due to very high initial energy density reached (corresponding to T ≫ 2T c ), in the threshold melting scenario all initially created J/Ψ, Ψ ′ and χ c mesons melt. However, the PHENIX collaboration has found that at least 20% of J/Ψ do survive at RHIC [30] . Thus, the importance of charmonium recreation is shown again. In HSD, we account for J/Ψ recreation via the DD annihilation processes as explained in detail in [1, 15] . Note that in our approach, the cross sections of charmonium recreation in D+D → J/Ψ+meson processes is fixed by detailed balance from the comover absorption cross section J/Ψ + meson → D +D. But even after both these processes are added to the threshold melting mechanism, the centrality dependence of the R AA (J/Ψ) cannot be reproduced in the 'threshold melting' scenario, especially in the peripheral collisions (see Fig. 1 ). This holds for both possibilities: with (r.h.s. of Fig. 1 ) and without (center of Fig. 1 ) the energy density cut ǫ cut , below which D-mesons and comovers exist and can participate in D +D ↔ J/Ψ + meson reactions.
Comover absorption scenarios give generally a correct dependence of the yield on the centrality. If an existence of D-mesons at energy densities above 1 GeV/fm 3 is assumed, the amplitude of suppression of J/Ψ at mid-rapidity is also well reproduced (see the line for 'comover without ǫ cut ' scenario in Fig.2, l.h.s.) . Note that this line correspond to the prediction made in the HSD approach in [31] . On the other hand, the rapidity dependence of the comover result is wrong, both with and without ǫ cut . If hadronic correlators exist only at ǫ < ǫ cut , comover absorption is insufficient to reproduce the J/Ψ suppression even at mid-rapidity (see Fig. 2 , r.h.s.). But its contribution to the charmonium suppression is, nevertheless, substantial. The difference between the theoretical curves marked 'comover + ǫ cut ' and the data shows the maximum possible supression that can be attributed to a deconfined medium.
Summary
The formation and suppression dynamics of J/Ψ, χ c and Ψ ′ mesons has been studied within the HSD transport approach for Au + Au reactions at √ s = 200 GeV. Two currently discussed models, i.e. the 'hadronic comover absorption and reformation' model as well as the 'QGP threshold melting scenario' have been compared to the available experimental data. We find that both 'comover absorption' and 'threshold melting' fail severely at RHIC energies [1] . The failure of the 'hadronic comover absorption' model goes in line with its underestimation of the collective flow v 2 of leptons from open charm decay as investigated in Ref. [32] . This suggests that the dynamics of c,c quarks at this energy are dominated by strong pre-hadronic interaction of charmonia with the medium in strong QGP (sQGP), which cannot be modeled by 'hadronic' scattering or described appropriately by color screening.
On the other hand, the interaction of J/Ψ with hadrons in the late stages of the collision (when the energy density falls below the critical) gives a sizable contribution to its suppression. This contribution should not be neglected, when comparing possible models for QGP-induced charmonium suppression to the experimental data.
